Lung cancer is a leading cause of cancer death worldwide ( 1 ) , with an estimated 1.2 million new cases diagnosed and 1.1 million deaths every year, according to the World Health Organization. Perhaps more alarming is the fact that the overall survival rate has not substantially improved in the past 20 years ( 2 ) . To improve the survival of patients with lung cancer, we need to better understand the molecular events involved in lung carcinogenesis. This knowledge is essential to develop novel strategies for early detection and prevention and for individualized therapy. Advances in the study of cancer genetics have shown that expression of many known
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Background
Exposure to cigarette smoke is a major risk factor for lung cancer, but how it induces cancer is unclear. The overexpressed in lung cancer 1 ( OLC1 ) gene is one of 50 candidate lung cancer genes identified by suppression subtractive hybridization as having higher expression in squamous cell carcinoma (SCC) than normal lung epithelia.
Methods
We used immunohistochemistry (IHC) to measure OLC1 protein levels in primary lung cancer samples from 559 patients and used fluorescence in situ hybridization to measure OLC1 copy number in primary SCC samples from 23 patients. We compared OLC1 protein expression in SCC samples of 371 patients with and without a smoking history using the Pearson 2 test. We assayed OLC1 protein levels by immunoblotting in H1299 human lung cancer cells, immortalized human bronchial epithelial cells, and primary cultured normal human bronchial epithelial cells that were treated with cigarette smoke condensate. We assayed tumor formation in athymic mice using NIH3T3 mouse fibroblast cells transfected with OLC1 (eight mice) and analyzed apoptosis and colony formation of H1299 and H520 lung cancer cells transfected with scrambled (negative) or OLC1 small interfering RNAs (siRNAs) (s1).
Results
OLC1 protein was overexpressed in 387 of 464 (83.4%) of primary lung cancers, as detected by IHC, and OLC1 was amplified in 14 of 23 (60%) of SCC samples. OLC1 protein overexpression was more common in SCC patients with a smoking history than those without (77.1% vs 45.8%, P < .001). In addition, cigarette smoke condensate increased OLC1 protein levels in H1299 cells, immortalized human bronchial epithelial cells, and primary cultured normal human bronchial epithelial cells. Overexpression of OLC1 induced tumor formation in athymic mice (control vs OLC1, 0% vs 100%). Knockdown of OLC1 increased apoptosis (mean percentage of apoptotic H1299 cells, s1 vs negative: 30.3% vs 6.4%, difference = 23.9%, 95% confidence interval [CI] = 19.1% to 28.5%, P = .002; mean percentage of apoptotic H520 cells, s1 vs negative: 21.6% vs 4.9%, difference = 16.7%, 95% CI = 10.6% to 22.8%, P = .007) and decreased colony formation (mean no. of colonies of H1299 cells transfected with siRNAs, negative vs s1: 84 vs 4, difference = 80, 95% CI = 71 to 88, P < .001; mean no. of colonies of H520 cells transfected with siRNAs, negative vs s1: 103 vs 24, difference = 79, 95% CI = 40 to 116, P = .005).
oncogenes, such as MYC, MYB, FOS, KRAS, EGFR, and ERBB2 ( 3 ), and several other candidate oncogenes, including SPP1, PTGS2, ADAM9, and STIL ( 4 -7 ) , is frequently associated with lung cancer. Other genes involved in lung cancer have been identifi ed by gene expression profi ling of lung cancer using cDNA or oligonucleotide microarrays ( 8 , 9 ) , serial analysis of gene expression ( 10 ) , and suppression subtractive hybridization (SSH) ( 11 ) .
Most lung cancers are caused by cigarette smoking ( 12 , 13 ) , and a key issue for understanding lung carcinogenesis is how cigarette smoke interacts with genes implicated in lung cancer. Cigarette smoke condensate is a complex chemical mixture that contains thousands of different compounds, 100 of which are known carcinogens, cocarcinogens, mutagens, or tumor promoters ( 14 ) .
We previously used SSH to identify genes with higher expression in squamous cell carcinoma (SCC) than in normal lung epithelium. We then assayed 50 of the identifi ed candidate lung cancer oncogenes for their ability to transform NIH3T3 cells and identifi ed overexpressed in lung cancer 1 ( OLC1 ), which was not previously characterized. In this study, we investigated the role of OLC1 in cigarette smoke-induced human lung carcinogenesis. We measured OLC1 protein levels in primary lung cancer samples and used fl uorescence in situ hybridization (FISH) to measure OLC1 copy number in primary SCC samples. We compared OLC1 protein expression in SCC samples of the patients with and without a smoking history. We assayed OLC1 protein levels in H1299 human lung cancer cells, immortalized human bronchial epithelial cells, and primary cultured normal human bronchial epithelial cells that were treated with cigarette smoke condensate. We assayed the effect of OLC1 overexpression on tumor formation in athymic mice using NIH3T3 mouse fi broblast cells. We also assayed the effect of OLC1 knockdown on apoptosis and on colony formation in H1299 and H520 cells.
Subjects and Methods
Patients and Tissue Samples
A total of 559 formalin-fixed paraffin-embedded tissue specimens were used to prepare a tissue microarray, which was constructed in the Department of Pathology, Cancer Institute & Hospital, Peking Union Medical College (PUMC) and the Chinese Academy of Medical Sciences (CAMS) . The specimens included 346 squamous cell carcinomas (SCCs), 87 adenocarcinomas, 49 small-cell lung cancers (SCLCs), and 77 control samples (normal bronchial epithelia or pulmonary tissues from lung cancer patients). The SCC patients (304 males and 42 females) had a mean age of 66.0 years (range = 31 -81 years, SD = 9.4 years), the adenocarcinoma patients (44 males and 43 females) had a mean age of 59.6 years (range = 39 -80 years, SD = 10.8 years), the SCLC patients (37 males and 12 females) had a mean age of 57.6 years (range = 28 -82 years, SD = 12.5 years), and the control patients (57 males and 20 females) had a mean age of 62.2 years (range = 45 -81 years, SD = 9.2 years) at the time of diagnosis. Cancers were clinically staged according to the international tumor-node-metastasis system ( 15 ) .
An additional 35 primary lung cancer samples from 35 SCC patients and various preneoplastic lesions from the same patient, including dysplasia and/or carcinoma in situ (CIS) on the same slide, were used for immunohistochemical (IHC) staining.
These lesions were clinically identifi ed and classifi ed as described previously ( 16 ) .
For FISH analysis, 23 primary lung cancer samples from 23 SCC patients (20 males and 3 females) were included. These SCC patients had a mean age of 57.9 years (range = 45 -70 years, SD = 8.5 years). In the real-time polymerase chain reaction (PCR) experiment, primary lung SCCs and matched normal lung tissues from 22 patients were used. These SCC patients (19 males and 3 females) had a mean age of 60.1 years (range = 45 -75 years, SD = 9.2 years).
All patients involved in this study underwent surgical treatment at the Cancer Institute & Hospital, PUMC and CAMS from December 22, 2000, to May 11, 2004 . None of the patients had had chemotherapy and/or radiotherapy before surgery. The histopathologic diagnosis was confi rmed by two experienced pathologists (D. Lin and H. Zheng). The experimental procedures were reviewed and approved by the ethics committees of the Cancer Institute & Hospital, PUMC and CAMS. NIH3T3 (5 × 10 4 cells per well) were seeded in 24-well plates. The next day, the cells were transfected with the plasmids containing a gene for neomycin resistance and 50 candidate oncogenes from the SSH library we had previously constructed ( 17 ) or empty vector control. Each plasmid was transfected in triplicate wells. Geneticin (Invitrogen, Carlsbad, CA, 800 µ g/mL) was added 24 hours later. Foci were counted 2 weeks after the cells reached confluence.
Foci Formation Assay to Screen Candidate Oncogenes in the SSH Library
CONTEXT AND CAVEATS
Prior knowledge
Exposure to cigarette smoke increases the risk of lung cancer, but the mechanisms involved are unclear.
Study design
Lung cancer and normal lung tissues from patients and cell and animal models of lung cancer were used to examine the effect of overexpression of the gene overexpressed in lung cancer 1 (OLC1) on lung tumorigenesis and how cigarette smoke may be involved.
Contribution
OLC1 protein was overexpressed in the majority of the lung cancer tissues, and the OLC1 gene was amplified in a majority of lung squamous cell carcinoma samples. High OLC1 protein expression was associated with smoking history and increased expression was observed in cell lines after treatment with cigarette smoke condensate. Knockdown of OLC1 increased apoptosis and decreased colony formation in soft agar.
Implications
OLC1 is a candidate lung cancer oncogene whose expression may be increased by cigarette smoke.
Limitations
The association between OLC1 expression and smoking history was based on few samples from one group of patients. It is unknown how applicable the data generated from these models of lung cancer are to the human disease. ( 20 ) .
From the Editors
Real-Time PCR to Evaluate the Relative Genomic Copy Number of OLC1
The relative genomic copy number of OLC1 was evaluated in primary lung SCCs and matched normal lung tissues from 22 patients (described above) by real-time PCR on the ABI 7300 Sequence Detection System (Applied Biosystems, Foster, CA) as previously described ( 21 ) . Primers for OLC1 were 5 ′ -TTAGGTG AGTGTGGCATCC-3 ′ (forward) and 5 ′ -CCCACTTCCA CTATCCTTCC-3 ′ (reverse) (GenBank accession number AK057902 ). Thermal cycling consisted of an initial denaturing step at 95°C for 10 minutes, then 40 cycles of 95°C for 5 seconds, 57°C for 31 seconds, and 72°C for 45 seconds. ␤ -actin was used as the input reference with the primers 5 ′ -CCTGTACGCCAA CACAGTGC-3 ′ (forward) and 5 ′ -ATACTCCTGCTTGCT GATCC-3 ′ (reverse) (GenBank accession number NM_001101 ).
Results are shown as relative copy number ( OLC1 / Actin ), and the samples with higher than 1.5-fold change were considered as having positive amplification.
Gene Cloning and Plasmid Construction
We cloned the OLC1 gene using gene prediction, expressed sequence tag (EST) assembly, and rapid amplification of cDNA ends. Two independent EST clones in the lung cancer SSH library that we previously constructed for SCC ( 17 ) of genes that had increased expression in SCC were included in the same entry (UniGene: Hs.232194, with the gene symbol: KIAA0174). The mRNA sequence AK057902 encodes the full-length OLC1 protein because it has an in-frame stop codon at the 5 ′ -end, upstream of the putative ATG start codon, and a polyadenylation sequence at the 3 ′ -end (data not shown). Using reverse transcription (RT) -PCR, we cloned the full-length open reading frame into pcDNA3.1/mycHis( -) B (Invitrogen). We sequenced the vectors using an ABI PRISM 3730 DNA Analyzer (Applied Biosystems). The primers used for RT -PCR cloning were 5 ′ -TAGGAGGAACAGCACAGCATG-3 ′ (forward) and 5 ′ -AGTTGCCTGGTTTAAGAGACCTATG-3 ′ (reverse). Similarly, the full-length open reading frame of OLC1 was also cloned into pcDNA3.1/Hygro+ (Invitrogen), which contained hygromycin as a selection marker.
Antibody Preparation and IHC Staining to Evaluate OLC1 Protein Expression
The entire open reading frame of OLC1 was inserted into pGEX-4T-1 (GE Healthcare, Munich, Germany) and expressed as recombinant glutathione-S-transferase -OLC1, which was purified and used to produce a polyclonal rabbit antibody against OLC1 by Sanying Biotechnology, Inc (Wuhan, China). The tissue microarray was constructed as previously described ( 22 ) . IHC staining was performed on 5-µ m sections cut from the tissue microarray block (n = 559) or other slides (n = 35) as described previously ( 4 ) using a 1:100 dilution of the primary polyclonal rabbit anti-OLC1 antibody. The slides were blindly labeled and scored by two independent observers (D. Lin and H. Zheng) using previously described criteria ( 4 ) . Briefly, the percentage of the cells with cytoplasmic labeling was recorded from two areas of each specimen, and the labeling intensity was estimated as 1+, 2+, or 3+ for weak, moderate, or strong staining. The IHC results were categorized as follows: samples without any labeling, with 1+ labeling in less than 25% cells, or with 2+ labeling in less than 10% cells were defined as negative, and all the remaining samples were defined as positive.
Cell Lines, Cell Culture, and Transfections
Mouse fibroblast NIH3T3, human cervical adenocarcinoma HeLa, and the human lung cancer cell lines A549, H520, H2170, and H1299 were obtained from the American Type Culture Collection (Manassas, VA). The immortalized human bronchial epithelial cell lines MBE, YBE, Tr, and C45 were established and maintained by our laboratory ( 23 , 24 ) . A549, H520, H2170, and H1299 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, HyClone, Logan, UT) containing 10% fetal bovine serum (FBS, HyClone). NIH3T3 cells were maintained in DMEM with 10% bovine calf serum (HyClone). Plasmid transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. For selection of stable clones, OLC1 and the constitutively active mutant of H-Ras (H-Ras Val12 ) in pcDNA3.1/ mycHis( -)B, or the empty vector were transfected into NIH3T3 cells and selected with geneticin (Invitrogen) at 800 µ g/mL; in addition, OLC1 in pcDNA3.1/Hygro+ or the empty vector were transfected into MBE cells and selected with hygromycin (Invitrogen) at 500 µ g/mL for 6 weeks by modified limiting dilution. This method generated three NIH3T3 clones (OLC1-C1, OLC1-C2, and OLC1-C3) and six MBE clones (C1 -C6). Because C4 had the highest level of OLC1 protein expression, it was designated as MBE-OLC1 and was used in subsequent experiments.
RNA Interference to Knock Down OLC1 Expression
For experiments using small interfering RNAs (siRNAs) targeted to OLC1, two Silencer predesigned siRNA duplexes were selected, synthesized, and purified using polyacrylamide gel electrophoresis (PAGE) by Ambion, Inc (Austin, TX). The siRNA sequences were as follows: s1, 5 ′ -GGAAGGAGAUUGCUGACUAtt-3 ′ (sense); s2, 5 ′ -GGAGAUUGCUGACUAUCUGtt-3 ′ (sense). Scrambled sequence siRNA (Ambion, Inc) was used as a negative control. The OLC1 siRNAs or scrambled siRNA were transfected into H1299 and H520 cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions for siRNA transfection. Mocktransfected cells were also prepared as negative controls.
Flow Cytometry Assay for Apoptosis
Apoptotic H1299 and H520 cells that had been mock transfected or transfected with s1, s2, or scrambled siRNA were stained with fluorescein isothiocyanate -conjugated annexin V and propidium iodide (PI) as described previously ( 25 ) . Cells were analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ), with excitation using a 488-nm argon ion laser. PI staining was used to distinguish necrotic and late apoptotic events (annexin V Ϫ , PI+; annexin V+, PI+) from early apoptotic events (annexin V+, PI Ϫ ). The experiments were repeated twice.
Preparation of Cigarette Smoke Condensate to Test Its Effects on OLC1 Expression in a Lung Cancer Cell Line, an Immortalized Human Bronchial Epithelial Cell Line, and Primary Cultured Normal Human Bronchial Epithelial Cells
The cigarette smoke condensate was prepared from the most popular type of cigarette in China (Honghe, 15 mg tar, 1.2 mg nicotine) as described previously ( 26 ) . Briefly, a "water-pipe" smoking device was designed and operated to allow a stream of smoke to flow into a tubular shaped trap, which was maintained at room temperature, and then into a 2-L flask submerged in liquid nitrogen. The amount of smoke obtained was determined by the weight increase of the flask. Cigarette smoke condensate was prepared by dissolving the collected smoke particulates in dimethyl sulfoxide (DMSO) at 20 mg/mL. The condensate was divided into small vials and stored at Ϫ 80°C. On the day of the experiment, the cigarette smoke condensate solution was diluted in serum-free culture media to the desired concentration and used for cell treatment. Briefly, cigarette smoke condensate at 1 µ g/mL was added to treat MBE, PBE, and H1299 cells for 0, 0.5, 2, 12, 24, 36, and 48 hours; in the experiment with different concentrations, MBE cells were treated with cigarette smoke condensate at 0, 0.5, 1, and 2 µ g/mL for 24 hours. Control cells were treated with medium containing an equivalent amount of DMSO.
Immunoblotting
Immunoblotting analysis was performed on lysates of A549, H520, H2170, H1299, MBE-37, YBE-11, Tr, and C45 cells; MBE, H1299, and primary cultured normal human bronchial epithelial (PBE) cells that had been treated with cigarette smoke condensate; parental NIH3T3 and NIH3T3 cells that had been transfected with empty vector or OLC1 (three clones); parental MBE cells and MBE cells that had been transfected with empty vector or OLC1 (six clones); and H1299 and H520 cells that had been mock transfected or transfected with OLC1 siRNAs (s1 or s2) or scrambled siRNA. Cell lysates were prepared by incubation of cells with RIPA buffer supplemented with protease inhibitor (Pierce, Rockford, IL) and phosphatase inhibitor (Sigma-Aldrich, St Louis, MO). Proteins (30 -60 µ g) were separated by 10% sodium dodecyl sulfate -PAGE and electrophoretically transferred to Immobilon-P membranes (Millipore, Bedford, MA). The membranes were incubated for 30 minutes in phosphate-buffered saline (PBS; 0.1 M sodium phosphate and 0.15 M sodium chloride, pH 7.4) containing 0.1% Tween 20 and 5% nonfat milk to block nonspecific binding and were then incubated for 2 hours at room temperature with rabbit polyclonal anti-OLC1 (1:1000), rabbit polyclonal anti-poly ADP ribose polymerase (1:1000; Cell Signaling, Danvers, MA), and mouse monoclonal anti -␤ -actin (1:5000, Sigma-Aldrich) antibodies. The membranes were washed three times for 10 minutes in PBS with 0.1% Tween 20 and then incubated for 1 hour with a goat anti-rabbit or goat anti-mouse horseradish peroxidaseconjugated secondary antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). The membranes were washed three times for 10 minutes in PBS with 0.1% Tween 20, and the antibody reactivity was visualized with the SuperSignal West Pico Chemiluminescent Substrate (Pierce). All experiments were repeated three times.
Cell Proliferation Assay
Cell growth rate was measured by the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using the CellTiter 96 Non-Radioactive Cell Proliferation Assay Kit (Promega, Madison, WI). Briefly, NIH3T3 clones (2 × 10 3 cells) and H1299 and H520 cells (1 × 10 3 ) that had been mock transfected or transfected with OLC1 siRNAs and scrambled siRNA were seeded per well in 96-well plates in replicates of six, and the assay was performed at 24-hour intervals (0 -120 and 0 -96 hours, respectively) according to the manufacturer's protocol with a few modifications. The growth rates of MBE-OLC1 and MBEvector cells were assayed by counting daily for 8 days. Briefly, MBE-OLC1 and MBE-vector cells (6.5 × 10 4 cells) were seeded into six-well plates in triplicate wells. The cells were dislodged by incubation with trypsin -EDTA and counted each day with a hemocytometer. The trypan blue dye (Sigma-Aldrich) exclusion method was used to identify viable cells. All experiments were repeated three times.
Colony Formation Assay
H1299 and H520 cells were harvested 48 hours after transfection (mock or with OLC1 siRNAs or scrambled siRNA) by incubation in trypsin -EDTA (Invitrogen) and seeded at a density of 500 cells per well in triplicate on six-well plates. Ten days later, the plates were washed with PBS, and the cells were fixed in cold methanol and stained with 0.5% crystal violet. Colonies larger than 1 mm in diameter were counted. All experiments were repeated three times.
Soft Agar Assay
The soft agar assay was performed as described previously ( 23 ) . Briefly, parental NIH3T3 cells and stable NIH3T3 clones transfected with empty vector, H-Ras
Val12
, and OLC1 plasmids (5 × 10 3 cells each) were placed in 1.5 mL per well of DMEM with 0.35% agarose and 10% FBS and overlaid onto 1.5 mL per well of DMEM with 0.5% agar and 10% FBS in six-well plates. After 2 weeks, colonies larger than 200 µ m in diameter were counted. The assay was repeated three times in triplicate for each cell clone. 
Tumorigenicity in Nude Mice
Female BALB/c athymic mice (nu/nu, 4 weeks old, n = 18) were purchased from
Statistical Methods
The association between IHC staining of OLC1 and other clinical parameters (including histological grade and patient stage, age, and sex) was assessed using the chi-square test. We used the Pearson chi-square test to determine the relationship between OLC1 protein expression in the tissue samples of primary lung SCC and the smoking history of 371 patients from the Cancer Institute & Hospital, PUMC and CAMS. The SCC patients with a smoking history smoked a mean of 38.6 packyears (range = 10 -90 pack-years). We used generalized estimating equation (GEE) methods ( 28 ) to determine the statistical significance of the differences of OLC1 expression between the normal tissues and lung cancer tissues from the same group of lung cancer patients; we also used GEE methods to perform pairwise comparisons of OLC1 expression in various preneoplastic and neoplastic lesions from patients with primary lung SCCs. The Student t test was used for all other comparisons. All statistical tests were two-sided. Differences with P values less than .05 were considered statistically significant. The GEE analysis was performed using SAS version 9.1 (SAS Institute, Cary, NC). All other calculations were performed using the Statistical Package for the Social Sciences (SPSS), version 11.5 (SPSS Inc, Chicago, IL).
Results
Identification of OLC1 From SSH Libraries
Through our previously constructed SSH libraries of genes whose expression was increased or decreased in SCC ( 17 ), we identified 50 candidate genes. To identify genes in the SSH library for which increased expression had inherent oncogenic potential, we transfected each of them into NIH3T3 cells. After 2 weeks of growth after the cells reached confluence, cells overexpressing one gene (known as rlcrt-000196 in the library) had formed obvious foci, indicating cell transformation ( Figure 1, A ) . We designated rlcrt-000196 as OLC1 for "overexpressed in lung cancer 1." The SSH library of genes whose expression was increased in SCC contained two independent EST clones for OLC1 ( Figure 1, B ) .
OLC1 (also known as KIAA0174, accession number AK057902 ) spans 33.47 kb on human chromosome 16q22.2 and encodes a predicted 364-amino acid protein (approximately 40 kDa). The protein sequence contains a DUF292 domain that is uncharacterized, has amino acid sequences that are evolutionarily conserved across species (from bacteria to human) at its amino terminus ( Figure 1, C and D ) , and has a proline-rich region (residues 220 -278) near the carboxyl terminus. ( Figure 2, A ) . Immunofluorescence staining of OLC1 and green fluorescent protein-OLC1 fusion protein were localized in the cytoplasm ( Supplementary Figures 2 and 3 , available online) . We performed control experiments using antibody pre-absorbed with OLC1 antigen and with nonimmune globulin; the OLC1 antibody gave a specific staining pattern ( Supplementary Figure 4 , C , available online). We also performed an OLC1 knockdown experiment. When OLC1 was depleted using OLC1 siRNA in H520 cells, the fluorescence signal was obviously weaker than that in the cells with control siRNA ( Supplementary Figure 4, A ( Figure 2 , B ; Table 1 ; P < .001). No associations between IHC staining of OLC1 and other clinical parameters (histological grade or patient stage, age, or sex) were observed, as assessed using the chi-square test.
OLC1 Protein Overexpression and Gene Amplification in Lung Cancers
To determine whether the OLC1 gene was amplifi ed in lung cancers, we used FISH to measure OLC1 copy number in primary lung SCCs. We observed OLC1 gene amplifi cation in 14 of 23 (60%) of the primary tumors ( Figure 2, C ) . Amplifi cation of OLC1 was also confi rmed by real-time PCR in 10 of 22 (45%) patients with primary lung SCCs and matched normal lung tissues ( Figure 2, D ) .
OLC1 Overexpression and Cigarette Smoking in Lung Tumorigenesis
Cigarette smoke is the major cause of upper aerodigestive tract cancers. To determine whether OLC1 overexpression is associated with the smoking history of patients with lung cancer, we analyzed OLC1 protein expression in samples of primary lung SCCs from 371 patients (from the Cancer Institute & Hospital, PUMC and CAMS) with the patients ' smoking history. OLC1 protein was overexpressed in a larger proportion of samples from patients who had smoked than from those who had not (77.1% vs 45.8%, P < .001; Figure 3 , C ). Consistent with the clinical observation, cigarette smoke condensate treatment induced expression of OLC1 protein in a lung cancer cell line, an immortalized human bronchial epithelial cell line, and in primary cultured normal human bronchial epithelial cells ( Figure 3, D ) .
To determine whether OLC1 overexpression occurs early in lung carcinogenesis, we compared OLC1 protein expression in various preneoplastic and neoplastic lesions from patients with primary lung SCCs ( Figure 3, A ) . The frequencies of OLC1 antibody-positive lesions from normal bronchial epithelia, hyperplasia, dysplasia/CIS, and primary lung SCC were 9 of 32 (28.1%), 6 of 21 (28.6%), 13 of 16 (81.3%), and 34 of 35 (97.1%), respectively ( Figure 3, B ) .
Oncogenic Properties of OLC1
To assess the oncogenic potential of OLC1, we established NIH3T3 clones that stably express OLC1 ( Figure 4, A ) . These clones grew faster than the vector-transfected control cells, as assayed by MTT assay ( Figure 4 ( Figure 4, C ) .
To test the tumorigenicity of OLC1 in vivo, parental NIH3T3 cells, NIH3T3 cells that were transfected with empty vector, and To determine the effect of OLC1 overexpression on the tumorigenicity of a cell line derived from normal bronchial epithelia, we generated OLC1-overexpressing MBE cells ( Figure  4, F ) . MBE is an immortalized human bronchial epithelial cell line with low levels of OLC1 expression. Compared with ( Figure 4, I ). However, we did not observe any difference between MBE-OLC1 and MBE-vector cells in terms of growth in soft agar, and no tumors were found in nude mice injected with MBE-OLC1 cells (data not shown).
To examine the role of OLC1 overexpression in cancer cells, we used RNA interference technology to silence OLC1 expression in lung cancer cell lines. We transfected H520 and H1299 cells with two siRNA duplexes (OLC1-s1 and OLC1-s2). Both siRNA sequences were located in the third exon of the OLC1 gene ( Figure 5, A ) . In both H520 and H1299 lung cancer *Primary tumor vs normal bronchial epithelia: P < .001; primary tumor vs hyperplasia: P < .001; dysplasia/CIS vs hyperplasia: P < .001; dysplasia/CIS vs normal bronchial epithelia: P < .001. All P values were twosided and calculated using generalized estimating equation (GEE) analysis, with 1 degree of freedom. C ) OLC1 protein overexpression as detected by IHC in the paraffi n-embedded tissue samples of primary lung SCCs from 371 patients and smoking history in these lung SCC patients. * P < .001 (two-sided), calculated using the Pearson chi-square test with 1 degree of freedom. D ) Cigarette smoke condensate (CSC) treatment and OLC1 overexpression in MBE, H1299, and primary cultured normal human bronchial epithelial (PBE) cells. Immunoblot analysis of OLC1 expression using the OLC1 antibody in (A). A total of 60 µ g of total protein was loaded from MBE and PBE cells, and 10 µ g of total protein was loaded from H1299 cells. Blots were probed with mouse monoclonal anti -␤ -actin antibody as a control for protein loading and transfer. One representative blot from three independent experiments is shown.
cell lines, the siRNAs effi ciently knocked down the expression of OLC1 at both the mRNA and protein levels ( Figure 5, B ) . Seventy-two hours after transfection, higher percentages of cells that were transfected with OLC1 siRNAs underwent apoptosis than negative control cells (mean percentage of apoptotic H1299 cells, s1 vs negative: 30.3% vs 6.4%, difference = 23.9%, 95% CI = 19.1% to 28.5%, P = .002; s2 vs negative: 12.5% vs 6.4%, difference = 6.1%, 95% CI = 1.0% to 11.1%, P = .035; mean percentage of apoptotic H520 cells, s1 vs negative: 21.6% vs 4.9%, difference = 16.7%, 95% CI = 10.6% to 22.8%, P = .007; s2 vs negative: 18.2% vs 4.9%, difference = 13.3%, 95% CI = 9.5% to 17.0%, P = .004.) ( Figure  5, C and D ) . The fact that the cells underwent apoptosis was confi rmed by detecting cleavage of PARP ( Figure 5, G ) . When the growth rate was assessed by MTT assay, cells transfected with OLC1 siRNAs grew more slowly than the negative control cells (mean OD Figure 5, E ) . In addition, we observed a statistically signifi cant inhibition of colony formation in both H1299 and H520 cells after OLC1 siRNA transfection (mean no. of colonies of H1299 cells transfected with siRNAs, negative vs s1: 84 vs 4, difference = 80, 95% CI = 71 to 88, P < .001; negative vs s2: 84 vs 37, difference = 47, 95% CI = 35 to 57, P < .001. Mean no. of colonies of H520 cells transfected with siRNAs, negative vs s1: 103 vs 24, difference = 79, 95% CI = 40 to 116, P = .005; negative vs s2: 103 vs 24, difference = 79, 95% CI = 39 to 119, P = .005. Figure 5, F ) . Error bars represent 95% CIs from a representative experiment (counted from triplicate wells) of three independent ones. *MBE-OLC1 vs MBE-vector cells, P = .005; ** P < .001. H ) Colony formation assay of MBE-OLC1 and MBE-vector cells. Means and 95% CIs ( error bars ) are shown from three independent experiments performed in triplicate. *MBE-OLC1 vs MBE-vector cells, P < .001. I ) Cell cycle analysis of MBE-OLC1 and MBE-vector cells. Cells (1 × 10 6 ) were stained with propidium iodide, and their DNA content was determined using fl ow cytometry. One representative experiment of three independent experiments is shown.
Figure 4 (continued).
Discussion
In this report, we have demonstrated that OLC1 , a gene that has not been previously characterized, was amplified and overexpressed in lung cancer. Forced overexpression of OLC1 caused malignant transformation of NIH3T3 cells both in vitro and in vivo. In the converse experiment, suppression of OLC1 expression in lung cancer cell lines induced apoptosis and growth arrest. OLC1 overexpression was associated with the smoking history of patients with lung cancer. We also provide evidence indicating that OLC1 overexpression may be involved in cigarette smoke -induced human lung carcinogenesis, especially at an early stage. Thus, OLC1 is a candidate lung cancer oncogene whose expression may be regulated by exposure to cigarette smoke.
Over the past decade, much has been learned about the molecular alterations associated with lung cancer. However, the precise mechanisms underlying lung carcinogenesis remain unresolved. To identify differentially expressed genes in human lung SCC, we previously compared the expression profi les between cultured primary lung SCC tumor cells and bronchial epithelial cells from the same patient and between fresh lung SCC tissues and morphologically normal bronchial epithelia and constructed four cDNA libraries containing genes whose expression increased or decreased in human lung SCC using SSH ( 17 , 29 ) . Fifty functionally unknown, novel genes were then selected from these SSH libraries, and the full-length open reading frames were assembled to study the potential involvement of these genes in lung carcinogenesis. Among these 50 genes, we found one gene whose expression was increased in human lung SCC and could induce NIH3T3 cell transformation with the increased foci formation. A series of in vitro and in vivo experiments were then carried out to further investigate the potential oncogenic effect of OLC1.
Our data demonstrated that NIH3T3 cells with exogenous OLC1 overexpression grew at an accelerated rate and gained the ability to undergo anchorage-independent growth. Furthermore, nude mouse xenograft studies showed that NIH3T3 cells overexpressing OLC1, but not parental or empty vector controltransfected cells, produced fi brosarcomas. These results provide convincing evidence indicating that OLC1 is a candidate oncogene. We also examined the oncogenic role of OLC1 in MBE, an immortalized human bronchial epithelial cell line. The MBE cells with OLC1 overexpression showed an increased growth rate, colony formation, and cell cycle progression, but their growth in soft agar was similar to controls, and no tumors formed in nude mice inoculated with MBE-OLC1 cells (data not shown), indicating that OLC1 alone is not suffi cient to transform bronchial epithelial cells.
We designed two siRNAs, both of which were able to successfully suppress OLC1 expression in the H520 and H1299 lung cancer cell lines. Cells in which OLC1 expression was silenced underwent obvious apoptosis in the absence of other apoptotic inducers, grew more slowly, and had reduced capacity for colony formation than control cells expressing OLC1. These OLC1 silencing results strongly support the hypothesis that OLC1 is oncogenic in human lung cancer cell lines.
We also showed that genomic amplifi cation and overexpression of OLC1 occur in lung cancer cell lines and primary tumors. OLC1 gene amplifi cation was observed in more than half of primary lung SCC Figure 5 . Effect of overexpressed in lung cancer 1 (OLC1) knockdown with small interfering RNAs (siRNAs) on lung cancer cell lines H1299 and H520. A ) Schematic representation of two siRNAs (si1 and si2) against OLC1. The sense sequences are shown. B ) OLC1 knockdown in H1299 and H520 cells. Top, reverse transcription polymerase chain reaction analysis performed at 48 h after siRNAs transfection. Bottom, OLC1 protein detected by immunoblotting using a polyclonal rabbit anti-OLC1 antibody 72 h after siRNAs transfection. Cells that were transfected with no siRNA (mock) or a scrambled siRNA (negative) were used as negative controls. C ) Apoptosis in H1299 cells at 72 h after transfection with OLC1-s1 and -s2 by as observed by optical microscopy. Arrows indicate the shrinking apoptotic cells. Scale bar = 50 µ m. D ) Left, fl ow cytometric analysis of H1299 and H520 cells stained with annexin-V-fl uoroisothiocyanate (FITC) and propidium iodide (PI). Cells were harvested 72 h after siRNA transfection. Right, the percentage of apoptotic cells represents the percentage of annexin-V -positive cells. Means from two independent experiments and 95% CIs (error bars) are shown. Error bars represent 95% CIs of the two experiments (*H1299 cells: s1 vs negative, P = .002; s1 vs mock, P = .003; s2 vs negative, P = .035; s2 vs mock, P = .042. H520 cells: s1 vs negative, P = .007; s1 vs mock, P = .009; s2 vs negative, P = .004; s2 vs mock, P = .006; Student two-sided t test). Similar results were obtained in two separate experiments. E ) The tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide proliferation assay of siRNA-transfected, mock, and negative H1299 and H520 cells. Error bars represent 95% CIs from one representative experiment with six replicates of three independent ones. *s1 or s2 vs negative, P < .001. F ) Colony formation assay of siRNA-transfected, mock, and negative H1299 and H520 cells. Error bars represent 95% CIs from one representative experiment performed in triplicate of three independent ones (*H1299 cells: s1 vs negative control, P < .001; s1 vs mock control, tested by FISH and real-time PCR. Results from IHC staining of tissue microarray containing more than 500 human lung cancer samples showed the overexpression of OLC1 in lung adenocarcinoma, SCLC, and SCC, the most common types of lung cancer. The evidence mentioned above strongly suggests that OLC1 is a candidate oncogene related to human lung cancer. During the preparation of this manuscript, another group reported a high-resolution genomic profi le of human lung cancer with a 0.26-Mb amplicon at 16q22.2 ( 30 ) . Although no oncogene had been previously identifi ed in this region, it is where the OLC1 locus is found. The data here indicate that OLC1 overexpression in lung cancer is at least partially due to the amplifi cation of OLC1 locus at 16q22.2.
Cigarette smoke is a well-known cause of human lung cancer and other upper aerodigestive tract tumors ( 13 , 31 ) . Cigarette smoke condensate is a complex chemical mixture containing numerous carcinogens, mutagens, or tumor promoters that have been implicated in tumor initiation and promotion ( 32 ) . The most potent carcinogenic agent contained in cigarette smoke condensate is NNK, which is formed by nitrosation of nicotine and has been thought to be the most important etiological factor in cigarette smoke -related cancers ( 33 ) . We investigated the relationship between OLC1 overexpression and the smoking history of lung cancer patients. Results from IHC analyses clearly showed that OLC1 overexpression was related to the smoking history of lung cancer patients. In addition, our data demonstrate that OLC1 expression is elevated early in bronchial dysplasia/CIS, although no statistically signifi cant differences were found with regard to tumor stage or grade. In vitro experiments further confi rmed that cigarette smoke condensate treatment induced expression of OLC1 in all the cell types tested, and this effect of cigarette smoke condensate exposure was persistent and could be seen as late as 48 hours after the treatment. Our fi ndings suggest that OLC1 overexpression may be involved in cigarette smoke -induced human lung carcinogenesis especially at early stage.
We have begun to explore the mechanism behind the oncogenic activity of OLC1. Using reporter assays for critical signaling pathways including NF-kappaB -, AP-1 -, and nuclear factor of activated T-cells responsive promoters in HeLa cells, we found that OLC1 can activate an NF-kappaB reporter gene (see Supplementary Figure 5 , available online). There is mounting evidence for the constitutive activation of the NF-kappaB pathway in numerous cancers, including lung cancer ( 34 -36 ) . Other recent studies have implicated NF-kappaB as a tumor promoter in infl ammation-associated cancer P = .001; s2 vs negative control, P < .001; s2 vs mock control, P = .014. H520 cells: s1 vs negative control, P = .005; s1 vs mock control, P = .007; s2 vs negative control, P = .005; s2 vs mock control, P = .008; Student two-sided t test). G ) Immunoblot analysis of PARP cleavage using a rabbit polyclonal anti-PARP antibody 72 h after transfection. Cells were transfected with OLC1 siRNAs (OLC1-s1 and -s2), with no siRNA (mock), or with a scrambled siRNA (negative). Blots were probed with polyclonal rabbit anti-OLC1 and with anti -␤ -actin as a control for protein loading and transfer. One representative of three independent experiments is shown.
Figure 5 (continued).
Downloaded from https://academic.oup.com/jnci/article-abstract/100/22/1592/2519346 by guest on 01 March 2019 ( 37 ) and have shown that activation of NF-kappaB occurs early during neoplastic transformation of mammary cells ( 38 ) , suggesting that NF-kappaB activation is an early event during carcinogenesis. Furthermore, cigarette smoke has been reported to activate NF-kappaB ( 39 ) . Our preliminary results suggest that OLC1 may play a role in the I B ␣ /NF-kappaB activation involved in human lung carcinogenesis.
Studies are under way to explore the mechanism of OLC1-mediated oncogenesis. While we were cloning the 50 novel genes from the SSH library, another group carried out a large-scale screening of human genes that activate the MAPK signaling pathways ( 40 ) . OLC1 was preliminarily listed in the Supplementary Data by this group as a MAPK activating gene (with the protein name putative MAPK activating protein PM28), but we failed to detect this activity in our studies of OLC1 in HEK293, 293T, and HeLa cells (see Supplementary  Figure 6 , available online).
Our study has several limitations. First, we have found only a preliminary association between the oncogenic role of OLC1 overexpression and cigarette smoke. More efforts should be made to illuminate the role of OLC1 in the cigarette smoke -mediated oncogenic process. We are currently developing a mouse model with normal or defi cient OLC1 function to learn more about this process. Second, the detailed mechanisms of how overexpression of OLC1 induces tumorigenesis remain unknown, and further studies are needed to determine which oncogenic pathway OLC1 may be involved in.
Altogether, this study provides strong evidence supporting an important role for the novel gene OLC1 in the carcinogenesis of the human lung. The results indicate that cigarette smoke -induced overexpression of OLC1 may be involved at an early stage of human lung carcinogenesis.
